To assess the effect of vitamin D administration on the skin blood flow response to occlusion and heat. Design: Cross-sectional study. Methods: Twenty age matched subjects; 10 who had diabetes and 10 who were controls were administered 4,000 IU of vitamin D3 for 3 weeks at breakfast. The function of the endothelial cells was evaluated in 2 ways; first, the response to 4 minutes of vascular occlusion of the skin was measured with a laser Doppler flow meter. Second, the skin blood flow response to local heat at 42 degrees C for 6 minutes was examined.
Introduction
Endothelial dysfunction is common in the elderly and in people with diabetes [1] [2] [3] . Endothelial dysfunction is commonly caused by oxidative stress [2] . The most common causes of increased oxidative stress are high fat diets [1, 4] , ageing [5] , diabetes [6] [7] [8] and smoking [9] . The damage to vascular endothelial cells impairs the ability of blood vessels to vasodilate. Since the vasoconstrictor pathway is largely undamaged, blood flow is restricted at rest and in response to stressors such as occlusion and heat [1, 2, 10] .
Coenzyme Q10 and vitamins A, C, and E reduce free radicals in the blood [11, 12] . In the past 40 years an important vitamin that has been investigated is vitamin D [13] . This vitamin is actually a hormone that regulates the immune system, helps achieve calcium homeostasis, and down regulates angiotensin 2 [14, 15] . Vitamin D is normally associated with sunlight exposure. Since societies across the world have shifted to a more industrial society, vitamin D has been found to be critically low in the blood of most populations due to less sunlight exposure; with diabetes it is even lower [14, 15] .
Numerous studies have associated diabetes and heart disease with low concentrations of vitamin D in the blood [16] . Numerous studies have also studied the effects of 3-4 months of vitamin D administration on endothelial function
Original Article [17, 18] . Endothelial function is usually assessed by the response of the brachial artery to 4 minutes of vascular occlusion. This elicits a vasodilation about 1 minute after the occlusion is released due to the activation of shear receptors [19, 20] . These receptors mediate an increase in blood vessel diameter mediated by prostanoids and nitric oxide (NO). As such, the flow mediated dilation of large arteries is a good measure of endothelial function in these arteries. In people with diabetes, however, there are mixed results. Diabetes is associated with low vitamin D in the serum [20] . When people with diabetes were administered vitamin D, some studies show improved flow mediated dilation and others do not [16] . One pathway altered by vitamin D is a direct effect on phosphotidyl inositol 3 kinase (PI3K) in endothelial cells [21] . This compound (PI3K) causes an increase in glucose transport into the cell [22] . It is of no surprise then that vitamin D has been shown in some studies to cause a reduction in blood glucose, especially in people with diabetes [23] . But PI3K has another role. It also causes the activation of endothelial NO synthetase, an enzyme that catalyzes the production of the blood vessel vasodilator NO from l-arginine [2, 24] . It is of no surprise then, that the brachial artery response to vascular occlusion (flow mediated vasodilation) is increased in people who are on vitamin D supplements [13, [25] [26] [27] [28] . Complicating matters further, measurements are almost never made until 3 months after vitamin D administration; there are few studies on acute administration of vitamin D even in young people [16] . Finally, the response to arterial shear receptors may not be predictive of micro vascular function. In one study when the response to the occlusion was measured in the finger vs. the brachial artery in normal subjects, the response to occlusion in the arteries increased after vitamin D but the response of the finger did not [25] . Thus there may be very different effects of vitamin D in large arteries compared to small vascular beds. To understand micro vascular endothelial function, another stressor that has been studied is the response to heat. With heat application, the initial phase is a rapid increase in skin blood flow (SBF) [29] and is mediated by sensory nerve neurotransmitters, such as calcitonin gene related peptide (CGRP) and substance P (SP) [30] . The second phase is a slow and prolonged increase in SBF, which is mediated by NO [30] [31] [32] [33] [34] [35] .
The local response to heat and occlusion provides an index of micro vascular function and is related to perfusion of organ vascular beds. The effects of vitamin D administration on people with diabetes have never been studied on micro vascular function. This was the purpose of the present investigation. This investigation used a laser Doppler flow meter to see if a more sensitive index of the effects of vitamin D could be shown in people with diabetes. Vitamin D was only given for 3 weeks to see if the blood flow response to local heat and occlusion would be sensitive enough to show an effect of vitamin D on people with diabetes.
Methods

Subjects
Twenty subjects participated in the experiments. Ten subjects were in each group. The demographics of the older control group and subjects with diabetes are listed in Tables 1  and 2 respectively. Subjects were not taking alpha blockers, beta blockers, alpha agonists or antagonists, or any other medication that would affect peripheral blood flow. They were not taking calcium channel blockers or any pain medications. All subjects were naïve for vitamin D at least for a month prior to the beginning of this study. No subjects were smokers. For the subjects with diabetes, the average Hb A1c was 7.3+/−0.7% and the average time since the diagnosis of diabetes was 7.1+/−1.9 years. All methods and procedures were approved by the institutional review board of Loma Linda University. All subjects signed a statement of informed consent.
Methods
Measurement of skin temperature
Skin temperature was measured with a thermistor (SKT RX 202A) manufactured by BioPac systems (BioPac Inc., Goleta, CA, USA). The thermistor output was sensed by an SKT 100 thermistor amplifier (BioPac Inc.). The output, which was a voltage between 0 and 10 volts, was sampled with an analog to digital converter at a frequency of a 1,000 samples per second with a resolution of 24 bits with a BioPac MP150 (BioPac Inc.) analog to digital converter. The converted data was stored on a desktop computer using Acknowledge 3.9.1 software (BioPac Inc.) for future analysis. Data analysis was done over a 5 second period for mean temperature.
Measurement of skin blood flow SBF was measured with either a Moor Laser Doppler
Imager (LDF) or Moor Optical Fiber Flow Meter (VMS LDF2) (Moor Ltd., Oxford, England). The imager used a red laser beam (632.8 nm) at a power of 2.5 mw to measure SBF using the Doppler effect. The laser, in this case, was used in a single point mode. After warming the laser for 20 minutes prior to use, the laser was focused on one area of the skin. By comparing the reflected light to the source light, the change in the frequency of the light and absorption of the light was used to calculate the red cell velocity and the red cell content in that area of the skin. The Moor Laser Doppler Imager measured blood flow through most of the dermal layer of the skin but did not penetrate the entire dermal layer. Blood flow was calculated in a unit called Flux based on the red cell concentration and red cell velocity with a stated accuracy of +/−10%. The LDF was used for the occlusion studies. For the heat studies, a single point fiber optic laser Doppler flow meter was used (VMS LDF2). This Moor instrument unit sampled a smaller area of the skin but was coupled to a heated probe as described below so that the assembly temperature was controlled. This flow meter provides less flow output due to the smaller surface area of the probe.
Control of skin temperature
Skin temperature was controlled by a Moor temperature controller (Moor VMS-heat, Moor Ltd.). This was a closed loop electric warmer where temperature is controlled to 0.1 degrees C.
Vitamins
The dose of the vitamin used in the study was 4,000 IU of D3, taken daily (Kirkland Brand, Kirkland, WA, USA).
Measurement of endothelial function
Endothelial function was measured by the blood flow response to occlusion and heat.
Occlusion
The blood flow to the arm was occluded for 4 minutes by placing a pneumatic occlusion cuff on the upper arm above the elbow and inflating the cuff for 4 minutes at 200 mmHg. After the pressure was released, forearm blood flow was measured for 2 minutes to assess the reactivity of the blood vessels to occlusion and anoxia.
Measurement of the response to heat
The response of the skin to heat was measured by applying a heated probe to the skin for 6 minutes. The thermode was set at a temperature of 42 degrees centigrade. This warmed the skin and blood flow was recorded.
Procedures
The study design was a pre post non randomized controlled quasi experimental study. All subjects were administered vitamin D for 3 weeks in this study. Before and after this period of time, the entire group had their response to heat and occlusion measured.
Data analysis
Data analysis consisted of means and standard deviations and related and unrelated t tests. Mixed Factorial ANOVA was used to compare within and between groups. The level of significance was p＜0.05.
Results
Control subjects
The blood flow response in the control subjects to heat is shown in Figure 1 before and after administration of vitamin D. There was no statistical difference comparing the blood flow in the skin pre and post vitamin D administration data from rest to 150 seconds after heat was applied (p＞0.05). However, from 150 to 30 seconds post heat, the blood flow in the skin were significantly lower after the administration of vitamin D for 3 weeks (p＜0.05). There was an average 27% reduction in blood flow with heat during the period from 150 seconds to 30 seconds post heat. Integrating the area under the 2 curves and subtracting the resting blood flow, there was 355.2 flux more blood flow pre vitamin D than post vitamin D.
The blood flow response to occlusion is shown in Figure 2 . The resting blood flow was greater here than in the heat series. This is due to the fact that a different imager was used for blood flow that sampled a larger area of the skin. As shown here, the blood flow response after occlusion was significantly higher than the blood flow after administration of vitamin D (p ＜0.05). Even the total flow as a result of occlusion (area under the flow curve) was significantly greater before than after administration of vitamin D (p＜0.01).
Subjects with diabetes
The blood flow response to heat in the subjects with diabetes pre and post vitamin D administration is shown in Figures 3, 4 . As seen here, the blood flow at rest and throughout the heat exposure was significantly lower than blood flow seen in age matched controls (p＜0.05). Further, the blood flow, as was seen in the controls, was lower post vitamin D than pre vitamin D. As was the case for the control subjects, the first minute of heat exposure showed no difference in blood flow pre and post administration of vitamin D. But from that point to the end of heat exposure, the blood flows were reduced after administration of vitamin D.
The response to occlusion was less than that seen in the control subjects (p＜0.05) but there was no difference in the pre and post data seen here.
Discussion
Numerous studies have been conducted showing a link between the concentration of vitamin D in the blood and diabetes, heart disease and stroke [16] . The observation that vitamin D is inversely related to diseases such as MS and heart disease has caused the general belief that vitamin D is beneficial to people with cardiovascular disease [16] . This may be true, but in studies where vitamin D has been given at 4,000 IU per day for 3 months sometimes show a positive effect on vascular endothelial function and sometimes no effect at all. But some studies have been done with young people, some the elderly, many with people with known heart disease and some with people with diabetes. The results are mixed and it has been concluded that since many medications, smoking and chronic inflammation interfere with vitamin D, that more carefully controlled studies need to be accomplished [16] . The present investigation was designed to study if the micro vascular response to occlusion and heat could detect the effect of an acute dose of vitamin D on endothelial function in people with diabetes. One problem in most studies of endothelial function is that large artery response to occlusion was the paradigm used to study vitamin D effects on blood vessels [19, 20, 36] . This measurement tests only 1 biochemical pathway that exists in endothelial cells. In the present investigation we took a more practical approach, the response to heat and local micro vascular response to occlusion, both of which are important in daily life for people with diabetes.
Measuring the local response to heat, as assessed with a laser Doppler flow meter, we found that, in the control subjects, the resting blood flow was not altered by 3 weeks administration of vitamin D. This was also true during the first minute after the heat was applied to the skin in both the control and subjects with diabetes. While the subjects with diabetes had significantly less blood flow perfusing the skin during this first minute, this is not surprising since previous studies show impairment in the ability of the skin to response to heat in people with diabetes due to endothelial cell dysfunction [10, [37] [38] [39] [40] . The blood flow in the first minute after application of the heat in either group of subjects comparing the pre and post vitamin D administration data shows no effect of vitamin D. The initial blood flow increase with heat is mediated by CGRP and SP [29, 30] was unaltered by acute administration of vitamin D. But the sustained response of blood flow to heat is mediated largely by NO [30, 31] . In younger individuals there is a contribution of prostacyclin [41, 42] , but in older people this pathway is not very active and NO is the predominant pathway. Therefore for some reason, acute administration of vitamin D has altered the NO response to heat. There is evidence that vitamin D increases calcium influx in arteries and increases their stiffness [43] . But if this were the case, then the resting blood flow and that during the first minute would also be altered. Therefore, this was not the case. Generally, on large studies where vitamin D is given for months, there is an improvement in most people in flow mediated dilation of the brachial artery [44] . This is also mediated by NO. But here the effect is opposite. One problem maybe that of relative related rates in the time sequence for when vitamin D alters each of the different pathways it affects. Vitamin D receptors modulate multiple pathways in the body. One of these is calcium metabolism [45, 46] . This is a fast responding pathway and even a single dose of vitamin D can alter bone density [46] . But the response is variable. Due to polymorphisms in the vitamin D receptor, some people response strongly and others do not [47] . The large standard deviations here in the blood flow response to heat attest to these differences. The second effect of vitamin D is on the renin-angiotensin pathway. A third effect is on reducing blood carried free radicals [16] . This later immune system response takes time to reverse free radical damage and as such would take months of administration. Further, since vitamin D is stored in body fat. It can take months to build the blood concentration high enough to modulate the immune system.
No previous study has examined in the elderly or people with diabetes the effect of a 3 week course of vitamin D. A logical conclusion is that future studies need to monitor weekly effects in relation to the blood concentration of vitamin D to understand the related rates of these pathways. The response to occlusion in the diabetic group was even reduced but the change was small. Perhaps 1 week after administration the reduction may have been more significant. These are questions that need to be answered on vitamin D by monitoring its effect on a weekly basis to see the rates of different pathways in the future. Another limitation of the study was that we did not examine brachial artery occlusion mediated vasodilation. Since brachial flow mediated dilation is mediate by NO as is the prolonged response of blood flow to heat, it can be predicted that this pathway would also show a reduction at 3 weeks after vitamin D administration. The local response to occlusion is not mediated by NO but is a response to anoxia mediated by neither NO nor prostaglandins [48] . A good study would use all three tools to assess vascular damage in relation to vitamin D in people with diabetes since multiple blood vessel controlling pathways could be evaluated.
There are some limitations of the study. First, other vitamins such as Coq10 and E were not controlled. Second, the study should be repeated with more subjects and for a longer period of time to see if the acute effect of D administration is altered with chronic use.
